We investigate the possibility that the known decrease in the relative luminosity of the 158 µm [C II] line with the far-infrared luminosity in extragalactic sources is due to evolutionary effects: Because of the flux limited nature of the surveys, large luminosities are indicative of large distances, and we do find significant increases in both L [CII] and L FIR with redshift. However, the fact that the [C II] luminosity does not climb so steeply with look-back time as that of the far-infrared, gives the decline in the L [CII] /L FIR ratio with cosmic age (significant at > ∼ 3σ), which may in turn be responsible for the decline in
INTRODUCTION
The 2 P 3/2 → 2 P 1/2 fine-structure line of C + , [C II], is believed to be a cooling pathway for the diffuse gas in galaxies (Dalgarno & McCray 1972) . This transition traces photodissociation regions (PDRs), where the ultra-violet radiation from young stars dominates the heating of the gas. From this process, the [C II] luminosity may reach up to 1% the total luminosity of the galaxy (Crawford et al. 1985; Stacey et al. 1991; Wright et al. 1991) , thus being the most powerful emission line in many galaxies. From a study of 60 normal galaxies with the Long Wavelength Spectrometer (LWS) on-board the Infrared Space Observatory (ISO, Clegg et al. 1996) , Malhotra et al. (2001) find that for far-infrared luminosities of LFIR
11 L⊙, the L [CII] /LFIR ratio is roughly constant at log 10 (L [CII] /LFIR) ∼ −2.5, but drops rapidly above these values (Fig. 1 ). This normalised decrease is attributed to less efficient heating from the photoelectrons which have their mobility restricted by the more positively charged dust grains in the brighter galaxies.
⋆ E-mail: sjc@phys.unsw.edu.au Negishi et al. (2001) extended this sample to include starburst galaxies and active galactic nuclei (AGN), all of which are found to follow the same trend, suggesting that far-infrared emission in the active galaxies also arises primarily from star forming activity. Rather than an increase in the charge carried by the dust grains, Negishi et al. (2001) suggest that the L [CII] /LFIR decrease with LFIR is due to higher gas densities resulting in higher collision rates, thus de-exciting the ionised carbon through a non-radiative process. Luhman et al. (2003) confirm the decrease in L [CII] /LFIR with LFIR to higher luminosities (LFIR > ∼ 10 12 L⊙), by observing [C II] in a sample of ultra-luminous infrared galaxies (ULIRGS). This trend is in part attributed to much of the far-infrared emission arising from dust-bounded photoionised gas which does not contribute to the [C II] emission. Most recently, the far-infrared luminosities have been taken up another notch by the two high redshift detections of [C II], which again follow the same decline in L [CII] /LFIR (Maiolino et al. 2005 ; Iono et al. 2006 ). Once more, this indicates different excitation conditions than in local galaxies (Iono et al. 2006 ) and possibly extremely high star formation rates (∼ 3000 M⊙ yr −1 , Maiolino et al. 2005) in the early Universe. /L FIR ratio versus L FIR for the low redshift (z 0.1296) galaxies and the high redshift quasar searches (cf. figure 2 of Maiolino et al. 2005) . Throughout this paper the symbols are colour coded according to the source reference -red (Malhotra et al. 2001) , blue (Negishi et al. 2001) , green (Luhman et al. 2003) and black (the two high redshift [C II] detections of Maiolino et al. 2005; Iono et al. 2006) . The downwards arrows show the 3σ upper limits. As per Luhman et al. (2003) ; Maiolino et al. (2005) , the hollow symbols indicate where the ≈ 80 ′′ LWS aperture (Clegg et al. 1996) subtends < ∼ 10 kpc and the filled symbols where the aperture subtends From all of these studies (summarised in Fig. 1 ), there is no doubt that the relative strength of the [C II] line drops with far-infrared luminosity. However, such flux limited surveys are subject to a selection effect, where only the brighter sources are detected at large distances. For example, the far-infrared luminosity-distance correlation seen in a sample of 22 Seyfert galaxies (Curran et al. 2001c) . The Seyferts are all located at 170 Mpc, a distance range significantly smaller than those of the sources discussed above (even excluding the two high redshift cases). It is therefore possible that the [C II] deficit is not simply associated with high far-infrared luminosities, but that these are in fact tracing evolutionary effects. For example, if similar proportions of LFIR < ∼ 10 11 L⊙ galaxies at high redshift were to exhibit the same [C II] deficits. Here we investigate the possibility that the decline in L [CII] /LFIR is related to cosmological evolution.
POSSIBLE EVOLUTIONARY EFFECTS

Relative [C II] luminosities with look-back time
Using the redshifts of the sources and plotting the [C II]-FIR luminosity ratio against look-back time (Fig. 2) , we find a very similar trend to the L [CII] /LFIR-LFIR distribution (Fig. 1) . Assuming that the look-back time and [C II]-FIR luminosity ratio are unrelated, which of course cannot be said for L [CII] /LFIR and LFIR (Fig. 1) , there is only a 0.2% probability that no correlation exits for the LWS "point" sources (i.e. those at z > 0.006), Table 1 1 . The trend is therefore significant at a 3.1σ level, which drops to 2.6σ when all of the sources are included. This may be due to the [C II] not being fully sampled in relation to the FIR emission in the near-by sources. However, referring to Fig. 3 , this does not appear to be the case 2 . The scatter at "times" of < ∼ 80 Myr must therefore be mainly due to the recession redshifts of these galaxies not being primarily due to the Hubble flow, and are thus poor tracers of cosmic distance.
Clearly, there exists the possibility that the L [CII] /LFIR-lookback time correlation is dominated by the inclusion of the two highredshift quasars (z = 6.42, Maiolino et al. 2005 and z = 4.69, Iono et al. 2006, cf. z 0.1296 for the rest of the sample). Excluding these from the statistics, however, we see that a correlation remains at 2.5σ significance. Finally, note that at z = 0.0072 and 0.011, the two non-detections of Malhotra et al. (2001) , which are the only two significant outliers (as they are for L [CII] /LFIR versus LFIR, Fig. 1 ), lie close to the z = 0.006 cut-off. At these respective redshifts, the < 80 ′′ LWS beam (Negishi et al. 2001 ) subtends < 11 and < 17 kpc and so these may not represent true L [CII] upper limits (although cf. Fig. 3 ). At such low redshifts, these are not expected to be good tracers of look-back time and their exclusion raises the significances of the [C II]-FIR luminosity ratio with look-back time to 2.9σ (whole sample), 3.7σ (z > 0.006), and 3.2σ (0 < z 0.006). We do include these in Table 1 , however, as per the other authors, we use a cut-off of 10 kpc for diameter of the LWS beam.
From Fig. 3 it is apparent that [C II] and FIR are closely correlated over the whole range of luminosities (Table 1) 3 . Note, however, that with a gradient of less than unity (0.78±0.03, incorporating the upper limits), the least-squares fit to these data demonstrates we quote the value of P (τ ) obtained by treating the upper limits as detections. At these significances this yields very similar values to those of S(τ ) given by ASURV. 2 As the L [CII] − L FIR correlation holds at 0 < z 0.006 (Table 1) , it appears that either that the [C II] source size is generally ≪ 10 kpc or that the far-infrared flux is similarly under-sampled. 3 Although caution must be advised for this and Fig. 1 , since as described in Sect. 1., these surveys are flux limited. That is, the locus of points may actually represent the upper luminosity edge of a wedge of undetected lower luminosity sources. Table 1 . Sample statistics for various redshift ranges -(1) the whole sample, (2) the sources for which the LWS aperture subtends > ∼ 10 kpc, (3) also excluding the two high-redshift quasars (Maiolino et al. 2005; Iono et al. 2006 ) and finally, (4) the sources for which the aperture subtends < ∼ 10 kpc. n is the sample size, P (τ ) is Kendall's τ two-sided probability that no correlation exists and S(τ ) the significance of the correlation (derived assuming Gaussian statistics). The upper limits are incorporated according to the survival analysis of Isobe et al. (1986) , via the ASURV package. Note that for n = 108, we have had to exclude the two blue-shifted galaxies (NGC 1569; Malhotra et al. 2001 and Maffei 2; Negishi et al. 2001) , since the tested parameters must be converted to log values to run ASURV.
, these occupy the same regions as the other z < 0.006 points and do not weaken the correlations. that L [CII] does not match the climb in LFIR with look-back time, suggesting a depletion in the [C II] abundance in relation to the FIR emission. This is further illustrated in Fig. 4 , where the increase in both L [CII] and LFIR with look-back time is due to the increase in the lower limit of the luminosities which can be detected at the larger luminosity distances. The figure confirms that L [CII] does not climb quite so rapidly as LFIR, with an apparent slowing in the increase of
Redshift range
This indicates that the L [CII] /LFIR-redshift trend (Fig. 2) is the result of lower relative L [CII] contribution at larger distances and that the L [CII] /LFIRlook-back time correlation above is not purely due to the two high redshift points. 
Possible causes
A decrease in [C II] through lower metallicities
One possible cause for the observed decrease in the abundance of carbon could be the cosmological evolution of heavy element abundances. A correlation between metallicity and look-back time has already been observed in damped Lyman-α absorption systems over the first 6 Gyr history of the Universe (Prochaska et al. 2003; Curran et al. 2004) , and an increase in the carbon abundance with cosmic time could explain the lower relative [C II] contribution with increasing redshift. A local low metallicity laboratory is the Magellanic clouds, and from a survey of the LMC, Mochizuki et al. (1994) find [C II]/CO intensity ratios ≈ 20 times larger than Galactic values. This is interpreted as the lower metallicities yielding lower dust abundances 4 and thus providing less shielding from ultra-violet photons, dissociating and ionising the CO into [C II]. In this model the high [C II]/CO ratios are therefore indicative of low metallicities.
Plotting the [C II] and FIR luminosities against that of CO (Fig. 5) , we see that both are strongly correlated with this tracer of molecular gas abundance (Table 2) 5 and, as with the look-back time, the [C II] luminosity does not climb as rapidly as LFIR with increasing LCO. Over this wide range of luminosities (and redshifts), there is no large change in the L [CII] − LCO ratio apparent. From a recent survey of the LMC, Bolatto et al. (2000) detect more extended CO emission, undetected by Mochizuki et al. (1994) , the contribution of which brings the L [CII] /LCO ratio close to Galactic values. Further afield, Madden et al. (1997) find widely varying L [CII] /LCO ratios in the low-metallicity dwarf galaxy IC 10 and Smith & Madden (1997) find in two spiral galaxies L [CII] /LCO ratios which are an order of magnitude higher than Galactic disk values and more typical of the values found in irregular (low metallicity) galaxies. This calls into question the effectiveness of this ratio as a tracer of heavy element abundance (although see Bolatto et al. 1999; Röllig et al. 2006) .
A correlation between the [C II] and CO intensities has previ- -log 10 (look-back time) has a gradient of 1.08 ± 0.08 (incorporating the upper limits) and the fit to log 10 L FIRlog 10 (look-back time) has a gradient of 1.39 ± 0.09, over the whole redshift range. The panels are plotted to cover the same luminosity range (in decades).
ously been noted by Stacey et al. (1991) , leading to the hypothesis that the ionised carbon and carbon monoxide are spatially coincident. Aalto et al. (1995) suggested that the CO must be reasonably excited (so that ICO 2→1/ICO 1→0 > ∼ 0.8) if associated with a PDR and demonstrated that such CO intensity ratios were satisfied for [C II]/CO > ∼ 4000 in a sample of 19 normal and starburst galaxies. Stacey et al. (1991) also suggest that starburst galaxies and star forming regions have ratios of [C II]/CO ≈ 6000, three times higher than for quiescent Galactic regions. In Fig. 5 , apart from the z < ∼ 0.006 scatter and possibly the ULIRGs, we see no major deviations from the L [CII] /LCO trend, although the log plot will be quite insensitive to a factor of three. It is clear, however, that the ULIRGs have systematically higher LFIR/LCO ratios than the rest of the sample, perhaps indicating a contribution to the FIR luminosity from an AGN in addition to that from the heating by stars.
An increase in FIR through increased AGN activity
Although the L [CII] /LCO ratio may be of limited use as a metallicity tracer, the above points suggest that large values are indicative of enhanced star formation (see also Bolatto et al. 2000) and, from a sample of 21 late-type galaxies, Pierini et al. (1999) find that L [CII] /LCO is proportional to the star-formation rate in nonstarburst galaxies. This could perhaps explain the apparent decline of this ratio over the redshifts probed and we do see that the [C II] is Sanders & Mirabel (1985) ; Sanders et al. (1986 Sanders et al. ( , 1988 Sanders et al. ( , 1991 depleted in relation to the FIR emission as the CO luminosities increase (Fig. 5) , which may be explained by a lower [C II] contribution in relation to the FIR at large-look back times. Malhotra et al. (2001) suggest that a larger AGN, cf. starburst, activity could be responsible for the decline in L [CII] /LFIR. That is, what we may be witnessing is an increase in AGN activity (as measured by LFIR) with look-back time, as would be expected from the quasar redshift distribution.
Radio surveys at 1.4 GHz find that there is a bimodal distribution in the brightness of extragalactic radio sources, where the vast majority of radio-loud sources (over 95% with S radio > ∼ 50 mJy) are radio galaxies and quasars, whereas the radio-quiet sources tend to be star-forming galaxies (which dominate at flux densities of S radio < ∼ 1 mJy, Condon 1984; Windhorst et al. 1985) . We have therefore trawled the NASA/IPAC Extragalactic Database (NED) for the 1.4 GHz flux densities of the galaxies searched for in [C II] and converted these to radio luminosities, which we show in Fig. 6 . As seen from this (and Table 2 ), there is a very strong correlation between radio luminosity and look-back time. Again, this is not surprising due to the flux limited nature of these surveys, but it does show that even over the low redshift sample (z 0.1296), there is a strong selection effect. Along with the distinct differences in radio fluxes, there is a difference in the redshift distributions, with the AGN demonstrating the higher values (Condon 1984) . This is confirmed by the 2dF and 6dF Galaxy Redshift Surveys (Sadler et al. 1999; Mauch & Sadler 2007) , where star-forming galaxies have a median redshift of z ≈ 0.05, cf. z ≈ 0.1 for the AGN, which also exhibit a longer high redshift tail (up to the z = 0.3 limit of the surveys)
6 . Over the range of this sample (z 0.1296), the vast majority of star forming galaxies in the 2dF sample have radio luminosities of L radio < ∼ 10 23 W Hz −1 , with most AGN kicking in at z
23 W Hz −1 (Sadler et al. 1999) 7 . Note that for the latter this value is close to the radio flux limit, and so a more radio-faint AGN population at high redshift cannot be ruled out.
6 Note also, from X-ray photometry Zheng et al. (2004) find that the galaxy population drops at z > ∼ 1, cf. z > ∼ 2 for type-2 AGN and no significant redshift dependence for type-1 AGN. From rest-frame UV photometry, Curran et al. (2008) also suspect that all optical+radio bright sources at z > ∼ 3 are type-1 AGN. 7 The range of radio luminosities found may suggest a range of ≈ 0.07 to ≈ 0.3 × 10 9 M ⊙ for the masses of the central black holes powering the galaxies (Metcalf & Magliocchetti 2006) , over look-back times of ∼ 10 7 to ∼ 10 9 years (Fig. 6) . Figure 6 . The 1.4 GHz continuum luminosity versus the look-back time and redshift. We show this up to z ∼ 0.13, since there are no radio flux measurements available for the two high redshift sources. The triangles designate fluxes interpolated from neighbouring radio frequencies. Note that the top right corner is within the realm of radio galaxies and quasars where luminosities of L radio > ∼ 10 23 W Hz −1 are found at z > ∼ 0.1 (see figure 4 of Curran et al. 2008.) However, 87 of the 108 sources have published (and detected) radio fluxes, where radio brightness is not necessarily a prerequisite for far-infrared selected surveys 8 , although ionised gas will emit a radio continnum (see Negishi et al. 2001) . As well as the possibility of a faint AGN population, there are expected to be higher redshift star forming galaxies, but by z ≈ 0.2, these are already below the ∼mJy detection threshold. As stated above, most of the [C II] sample is detected in the radio, due in part to the generally low redshifts, and in Fig. 7 we show the [C II] and FIR luminosities against that of the radio.
From this, we see that [C II] luminosity does not climb as steeply as that of the FIR with radio brightness, which again may be attributed to a [C II] deficit (Sect. 2.1), clearly apparent even with the exclusion of the two high redshift sources (cf. Fig. 4 ). Rather than heating by stars, the correlation of L [CII] with L radio may suggest a significant AGN contribution, where much of the FIR emission may arise from dust heated by ultra-violet emission from the central accretion disk. This is also suspected to be the case in a sample of low redshift Seyfert galaxies, where the FIR emission does not wholly trace the dense star-forming molecular cores (Curran et al. 2001a,c) . In extreme cases (LUV > ∼ 10 23 W Hz −1 ), high ultra-violet fluxes may be reponsible for ionising much of the neutral gas (Curran et al. 2008) , making star formation, ironically enough, less likely in the most UV bright sources. Note finally that, although there are no radio fluxes available for the two high redshift [C II] detections, the presence of a powerful X-ray flux from the quasar is invoked by Maiolino et al. (2005) to account for the large populations in the high CO rotational levels at z = 6.42, which cannot be obtained from a PDR model of a typical star forming region alone. − log 10 L radio has a gradient of 0.77 ± 0.04 (incorporating the upper limits) and the fit to log 10 L FIR − log 10 L radio has a gradient of 0.92 ± 0.05, over the whole radio luminosity range. As per Fig. 4 , the ordinate in both panels are plotted to cover the same luminosity range (in decades). 
Summary of the correlations
In Figs. 8 and 9 , we replot the correlations not involving look-back time in the same manner as Fig. 1 . Both the CO and 1.4 GHz continuum luminosities show similar trends in relation to L [CII] as LFIR, and appear to be just as significant 9 . The L [CII] /LCO − LCO relation exhibits the steepest drop (nearly four decades, cf. the notquite two of the FIR and radio continuum). Since a significant part of this is due to the two high redshift sources, this may reafirm our belief that L [CII] /LCO is a poor tracer of metallicity, since we would expect the highest ratios for the high redshift sources (Sect. 2.2.1). What Fig. 8 suggests, naturally enough, is that the abundance of ionsed carbon decreases as more carbon is locked up in molecules, confirming that the two phases share the same location (Stacey et al. 1991) and that the star formation rate decreases with increasing LCO (Stacey et al. 1991; Pierini et al. 1999; Bolatto et al. 2000) . The presence of molecular gas requires the presence of dust, the heating of which may be responsible for the corresponding drop in L [CII] /LFIR with LFIR.
This argument does not require the invocation of evolutionary effects, apart from the fact that high luminosities necessarily trace larger look-back times, even if these are only over the past two billion years as traced by the low redshift sample. From  Fig. 9 , however, the declines in molecular gas abundance and degree of dust heating may be matched by the radio luminosity. That is, L [CII] /L radio clearly also drops with L radio , possibly supporting the notion of a changing AGN contribution. As discussed above, star forming galaxies tend to be objects of low radio flux, whereas active galaxies give rise to large radio fluxes and those of our sample, towards the high end, certainly qualify as radioloud. Again, since this occurs at the higher redshifts, we may be witnessing an evolutionary effect, where the active galaxies are more easily detected at large luminosity distances. Quasars, or at least QSOs, are often associated with substantial dust emission (e.g. Smail et al. 1997; Barvainis & Ivison 2002; Cowie et al. 2002) , resulting in large reservoirs of molecular gas at high redshift (see Hainline et al. 2004 and references therein). Although a direct link between the molecular gas abundances and radio luminosities may not be clear, arguments involving the relative decrease of L [CII] with LFIR (Malhotra et al. 2001; Negishi et al. 2001; Luhman et al. 2003) , must also account for similar decreases as measured against the molecular gas and radio continuum luminosities.
SUMMARY
In addition to the well documented drop in the L [CII] /LFIR ratio with far-infrared luminosity in extragalactic sources, we find similar decreases with the molecular gas and radio continuum luminosities. This indicates that there is a [C II] deficit in relation to each of these properties, which due to the flux limited nature of the surveys, indicates a relative [C II] deficit with redshift. In fact, we find the L [CII] /LFIR ratio to be anti-correlated with lookback time at a significance of > ∼ 3σ, even with the exclusion of the two high redshift [C II] detections. If evolutionary in nature, the order of magnitude decline in the mean L [CII] /LFIR over the past 1.6 Gyr, could due to a decrease in metallicities, although, as per some of the literature, we see no evidence of this. If metallicities are correlated with morphologies (see Curran et al. 2007 ) and large galaxies dominate the low redshift population (Baker et al. 2000) , with dwarf galaxies constituting more of the high redshift population (Lanfranchi & Friaça 2003) , the decreasing metallicity argument would be consistent with Leech et al. (1999) , who find an increase of L [CII] /LFIR with galaxy lateness.
Exploring the strong correlations between L [CII] and LFIR, LCO & L radio further:
(i) The relative decline in [C II] with CO indicates that as more carbon is in molecular form, less is ionised. The stronger dependence of LCO on LFIR is consistent with the former requiring the presence of dust, while the latter traces the dust being heated by ultra-violet photons. So although the relative stellar population may be lower at higher luminosities, the amount of star forming material is not, suggesting a large starburst potential in these galaxies.
(ii) These ultra-violet photons may not be due entirely to stars: The radio brightness of these objects suggests a significant AGN contribution, which becomes more significant at higher luminosities (or redshifts). That is, there may be an underlying degree of dust heating due to the ultra-violet emission from the stellar population, which is compounded by the added contribution of dust heated by the AGN in the more radio bright objects. Both Negishi et al. (2001) and Luhman et al. (2003) advocate non-PDR mechanisms as being responsible for some of the far-infrared emission.
If the radio emission was due to the same ionised gas as traced by the [C II] emission, we would not expect a relative decrease in L [CII] with L radio . This may suggest an increasing AGN contribution to the luminosity of these objects and towards the high end (i.e. the ULIRGs of Luhman et al. 2003) , these sources would be considered radio galaxies. This, in conjunction with the difference in redshift distributions between the star-forming and active galaxies (Sect. 2.2.2), supports our argument that the L [CII] /LFIR ratio is evolutionary in nature, a result of higher FIR luminosities at larger look-back times. This finding and its causes may be further tested by:
(i) Confirming the L [CII] /LFIR < ∼
10
−4 limit in PSS 2322+1944, as referred to in Maiolino et al. (2005) [Benford et al., in prep.] , but not since published. At LFIR ≈ 5 × 10 13 L⊙, this is consistent with the L [CII] /LFIR − LFIR correlation (Fig. 1 ), but at look-back times of 12.2 Gyr (z = 4.12) may confirm or refute the L [CII] /LFIR-look-back time correlation (Fig. 2) .
(ii) Radio flux measurements of the two high redshift sources. At z = 4.69 and 6.42 the 1.4 GHz continuum flux would be redshifted to 250 and 191 MHz, respectively. Both of these frequencies are accessible by the Giant Metrewave Radio Telescope, although such low frequencies could be subject to severe interference.
(iii) Observations of the [C II] transition at 0.1296 < z < 4.69, filling in the redshift gap in the L [CII] /LFIR-look-back time distribution ( Fig. 2) . At z > ∼ 1, sub-millimetre observations would also cover the redshift range where star formation is expected to be most prevalent (Pei & Fall 1995; Lilly et al. 1996) . However, at > ∼ 400 GHz these observations are difficult, requiring the very best atmospheric conditions.
